Rapid upregulation and clearance of distinct circulating micrornas after prolonged aerobic exercise.
circulating microRNA; exercise physiology; cardiovascular biomarker; cardiorespiratory fitness biomarker; prolonged aerobic exercise THERE ARE NUMEROUS PHYSIOLOGICAL adaptations to endurance exercise training, including myocardial remodeling (7), skeletal muscle hypertrophy (31) , and peripheral vascular angiogenesis (26) . The mechanisms producing these organ-specific responses are initiated by exercise of sufficient intensity and/or duration to produce tissue stress/injury. Increases of circulating biomarkers of skeletal muscle damage [e.g., creatine phosphokinase (CPK)], cardiac muscle stress [e.g., NH 2 -terminal prohormone of brain natriuretic peptide (NT-proBNP)], cardiac muscle damage [e.g., cardiac-specific troponin, (cTn)], and systemic inflammation [e.g., high-sensitivity C-reactive protein (hsCRP)] have been well documented (2, 10, 15, 16, 24, 27, 29, 39, 43, 48, 49, 61, 66) , but these conventional biomarkers provide limited insight into the adaptive processes stimulated by vigorous exercise.
Short and conserved nonprotein coding RNA molecules known as microRNAs (miRNAs) have been recently identified as essential intracellular mediators of processes inherent in exercise adaptation, such as inflammation (18) , muscle hypertrophy, and contractile force generation (17, 65) . miRNAs can alter cellular function by posttranscriptionally repressing translation and degrading messenger RNAs through binding the 3= untranslated regions of messenger RNA molecules (50) . miRNAs are secreted into the bloodstream at rest (38) and in response to tissue injury (35) and other pathological conditions (22, 28) . Through several mechanisms, such as inclusion in phospholipid bilayer-encapsulated vesicles (63) and formation of RNAbinding protein complexes (25) , these "circulating" miRNAs (c-miRNAs) are protected from degradation. Intracellular transfer of miRNAs to recipient tissues has been described by mechanisms including transport through gap junctions (32) , as well as packaging into exosomes (59) and other microvesicleor RNA-binding protein-associated transfer systems. Thus tissue-specific release appears to represent a key mechanism by which cellular functions are modulated in response to tissue stress (34, 42, 68) , and such release may not be solely driven by generalized cellular injury, even during exercise. Furthermore, alterations in c-miRNAs appear to be rapidly upregulated during acute physiological stress and may, therefore, more accurately reflect "real-time" intracellular responses to tissue stress compared with conventional plasma-based markers (19, 44, 52) .
Dynamic regulation of c-miRNAs during exercise has recently been documented, but our understanding of their roles in exercise response and adaptation is just emerging. Analysis of skeletal muscle biopsies in mice (4, 53) and humans (40) before and after exhaustive aerobic exercise has demonstrated upregulation of intramuscular miR-1 and miR-133, as well as other miRNAs (21) . Exercise-induced alterations of miRNAs occur in tissue compartments beyond skeletal muscle, includ-ing inflammatory cells (45) (46) (47) 64) and cardiac cells (20, 57, 58) , among others (36) . Our laboratories previously characterized the dynamic regulation of specific plasma-based c-miRNAs after acute and relatively brief exhaustive exercise in healthy humans (6) . Since then, other c-miRNAs have also been profiled after acute aerobic exercise (3), after acute resistance exercise (54) , and after alterations in acute exercise modality (8) . Furthermore, a recent study examined the extent of endothelial-specific miR-126 release under various modalities of acute and increasing time of exercise (62) . However, c-miRNA expression after prolonged exercise remains incompletely defined, and there have been no direct comparisons among miRNAs originating from different tissue compartments and among miRNAs compared with more traditional protein markers of exercise-induced tissue perturbation. We hypothesized that specific plasma c-miRNAs are uniquely modulated following completion of prolonged, submaximal aerobic exercise (i.e., marathon run). These expression profiles may follow different kinetics of release and clearance than traditional plasma-based markers of exercise. To address this hypothesis, we quantified candidate c-miRNA species originating from muscle, cardiac tissue, and vascular endothelium, as well as those important in inflammation in healthy male marathon participants at rest, immediately following marathon completion, and 24 h after marathon completion. These profiles were compared with corollary conventional tissue-specific biomarkers of skeletal muscle damage (CPK), cardiac muscle injury and stress (cTn and NT-proBNP), and systemic inflammation (hsCRP). Finally, to determine the impact of exercise duration and intensity on c-miRNA expression, we also compared the levels of selected c-miRNAs among marathon runners to those observed among healthy male athletes during shorter-duration, exhaustive exercise.
MATERIALS AND METHODS
Ethical approval and marathon study participants. Participants (N ϭ 21) were healthy male marathon runners free of known cardiovascular or metabolic disease who participated in the 42-km Boston Athletic Association Marathon on April 18, 2011. Participants abstained from aspirin, acetaminophen, and nonsteroidal anti-inflammatory medications at 24 h before the initial study time point and through the 24-h postrace phlebotomy. Participants provided written, informed consent at the time of study enrollment. All protocol procedures complied with the Declaration of Helsinki and were approved by the institutional review board at Hartford Hospital (Hartford, CT).
General design of study for marathon exercise. Participants were enrolled on the day before the marathon following a "tapering" period consisting of 1-2 wk of reduced exercise training. Exercise training histories for the 3 mo before the event and medical histories were assessed. Body mass, height, resting blood pressure, and heart rate (Welch Allen 52000 Vital Signs Monitor, Skaneateles Falls, NY) were measured at the time of enrollment. Conventional biomarker and c-miRNA profiles were assessed using a prospective, longitudinal, and repeated-measures study design. Specifically, venous blood was obtained under quiet resting conditions on the day before the marathon (PRE), immediately after completion of the marathon (FINISH), and the day following the marathon within 24 h of finishing time .
General design of study for acute exhaustive exercise. Eleven elite collegiate athletes [affiliated with the Harvard University Department of Athletics and who participated and were described in a previously published exercise study (6) ] were included as part of this study for comparative purposes. As previously described (and reiterated here for clarity) (6), subjects over 18 yr of age who were recruited members of the men's competitive rowing program at Harvard were considered eligible for this study. Acute exhaustive cardiopulmonary exercise testing was performed during the morning hours. Participants abstained from any physical exercise for Ͼ24 h before testing and were tested after an overnight dietary fast. On the morning of testing, participants were permitted and encouraged to drink water (12-24 oz.) but were prohibited from drinking beverages with caloric or electrolyte content. All participants were required to abstain from nonsteroidal anti-inflammatory use (including ibuprofen, naproxyn, and aspirin) for at least 7 days before testing.
The exercise test consisted of uninterrupted, incremental cycling exercise using an upright cycle ergometer (CPE 2001, Medical Graphics, St. Paul, MN) equipped with an electronically braked ergometer (Warren Collins, Braintree, MA). Cycle ergometry was chosen as the exercise modality to limit the impact of training-induced (rowing) improvements in exercise economy. A tightly fitting mouthpiece and nose clips were in place during exercise to facilitate measurements of gas exchange and ventilation. Pulmonary gas exchange and minute ventilation were measured breath by breath with a commercially available metabolic cart (Medical Graphics CPX/D, St. Paul, MN). The pneumotachograph was calibrated with a 3-liter syringe at five different flow rates, and the zirconia cell O 2 analyzer and single-beam CO2 analyzer were calibrated with room air and 5% CO2/12% O2 gas. Following a 3-min period of rest to facilitate ventilatory equilibration and a 1-min period of unloaded exercise (0 W/min), workload was increased by 25 W/min until volitional exhaustion. Subjects were considered to have reached their peak oxygen consumption (V O2 max) when the following criteria were met: 1) leveling off of oxygen consumption with increasing workload; 2) respiratory exchange ratio values Ͼ1.1; and 3) a heart rate of at least 90% of age-predicted maximum. V O2 max was defined as the highest 15-s average during the final minute of exercise. The ventilatory threshold was determined by the modified V-slope method (9) . Blood pressures were determined by auscultation before and then at each minute interval during exercise and recovery (5 min). Standard 12-lead electrocardiography was performed at rest and at each minute during exercise and recovery. Continuous heart rate was recorded from lead V1 and continuously displayed on an oscilloscope. c-miRNA profiles were assessed using a prospective, longitudinal, and repeated-measures study design for sampling before and after exercise. Specifically, venous blood plasma sampling was performed under quiet resting conditions before rowing training (PRE), immediately after completion of rowing training (FINISH), and 1 h following the acute exercise (POST-1H). Participants were excluded from the study if a history of anabolic steroid use was elicited. Written, informed consent was obtained from all participants, and ethical approval conformed to the standards of the Declaration of Helsinki. The Harvard University institutional review board and the Partners Human Research Committee approved the protocol before study initiation.
Ten milliliters of venous blood were collected in standard anticoagulant (EDTA)-treated vacutainer tubes at the three time points using a 20-gauge intravenous catheter placed into a hand or arm vein. Cellular elements were pelleted in each blood sample following blood draw via centrifugation at 2,000 g for 10 min. The supernatant plasma was then aliquoted and immediately frozen at Ϫ80°C to minimize freeze-thaw degradation.
Selection of traditional biomarkers and miRNAs. Five conventional plasma-based proteins were selected for study based on their known associations with skeletal muscle damage, cardiac muscle stress and necrosis, and systemic inflammation. Selected proteins included: CPK, cardiac troponin I (con-cTn; Siemens Dimension Vista cTnI, Siemens Healthcare Diagnostics, Newark, NJ), high-sensitivity cTn (hs-cTn; Siemens Vista cTnI, Siemens Healthcare Diagnostics), NTproBNP (Siemens Healthcare Diagnostics), and hsCRP (Siemens Healthcare Diagnostics). The limit of detection of the con-cTn assay was 15 ng/l, with a 10% coefficient of variation of 40 g/l, and the limit of detection of hs-cTn assay was 0.5 ng/l, with a 10% coefficient of variation of 3 ng/l (5). Corollary c-miRNAs were selected for study based on their tissue-specific (endothelial, muscle, and cardiac muscle alone) and context-specific (systemic inflammation) expression patterns with previously documented physiological relevance to sustained exercise. Specifically, miR-1 and miR-133a were chosen as critical tissue-specific mediators of myocyte function via their repression of histone deacetylase-4, monocyte enhancer factor-2, and serum response factor (12, 13) . Previous human muscle biopsy work has shown that both of these miRNAs are upregulated in skeletal muscle tissue by aerobic exercise (40) . miR-499 -5p was chosen as a skeletaland cardiac-enriched miRNA, important in the determination of slow/ fast myofiber gene programs (51) . Plasma levels of c-miR-499 -5p have been studied in the context of acute myocardial infarction (1). Furthermore, miR-499 -5p has recently been defined to control muscle fitness and endurance via interfacing with specialized nuclear receptor signaling pathways (e.g., peroxisome proliferator-activated receptor-␤/␦ and estrogen-related receptor-␥) (23) . miR-208a was selected as a known cardiomyocyte-specific regulator of cardiac function via transcriptional upregulation by its host gene ␣-myosin heavy chain (37) . Recent data from mice studies suggest a role for c-miR-208a as a biomarker for myocardial injury (30) . miR-146a was selected given its essential role in inflammatory signaling in multiple cell types, via its transcriptional upregulation by NF-B and downstream downregulation of IL-1 receptor-associated kinase-1 and TNF receptor-activating factor 6 as direct targets (60). Thus we reasoned that alterations in c-miR-146a may reasonably reflect the overall inflammatory state in prolonged-duration aerobic exercise. miR-126 was selected as a highly abundant and endothelial-specific miRNA with previously described alterations in aerobic exercise in mice (57, 67) and importantly in humans after prolonged exercise (62) . Finally, the brain-enriched miR-134 was chosen as an unrelated control to facilitate comparison with the above candidate c-miRNA species.
RNA extraction. Although plasma-based c-miRNAs resist degradation even under a variety of harsh environmental conditions (38) , the number of freeze-thawing cycles of plasma samples was kept to a minimum to further decrease the theoretical risk of c-miRNA degradation. Additionally, as described (6) , all samples from a given individual were processed and analyzed in a single batch to reduce variability. The thawed plasma samples were centrifuged again (15,700 g, 10 min) to remove any remaining cellular contents. The plasma supernatant was then aliquoted into 150-l volumes, which were stored at Ϫ80°C and kept for further analysis. Based on previous observations that endogenous miR-422b displays minimal expression in circulating plasma during various forms of volitional exercise (S. Y. Chan, unpublished observation, 2010), quantitative normalization of c-miRNA plasma levels was achieved by adding equivalent levels of exogenous miR-422b, as previously described (38) . More specifically, 4 fmol of the chemically synthesized miRNA duplex mimic of miR-422b were added to 150 l of each plasma sample (Life Technologies, Carlsbad, CA). Total RNA extraction was performed using a MicroRNA Extraction Kit (Benevbio, Mission Viejo, CA). Reverse transcription was performed to generate complementary DNA (cDNA), representing levels of mature c-miRNA molecules (MicroRNA Assay Kit, Life Technologies). The reliability of the c-miRNA extraction data was supported by additional extraction of the known quantities of the exogenous miR-422b, as previously performed (6) .
Real-time PCR quantification of c-miRNA plasma levels. Reverse transcription-quantitative "real-time" polymerase chain reaction was utilized to quantify levels of the candidate c-miRNAs. This method was chosen to minimize natural variability that can mistakenly be associated with false positive findings with the use of current highthroughput miRNA screening techniques. Because c-miRNAs typically exhibit lower concentration than intracellular miRNAs (41), taking into account such variability is particularly important, thus incentivizing the use of reverse transcription-quantitative real-time polymerase chain reaction.
Quantification of c-miRNA plasma levels was achieved via generation of cDNA from reverse transcription, thus representing levels of mature c-miRNA molecules (MicroRNA Assay Kit, Life Technologies). An Applied Biosystems 7900HT Fast Real Time PCR device was used to amplify cDNA using fluorescently labeled Taqman probe and primer sets. Taqman primer/probes for quantification were used as follows ( (000575)]. The raw Ct values produced, which represent the "real-time" cycle count at which miRNA probe fluorescence increases exponentially, were used to generate standard curves for each individual miRNA Taqman primer/probe set following dilutions of a synthetic oligonucleotide mimic for each mature miRNA (Life Technologies). On average, the level of detection for a miRNA by this method was approximately one to two copies in a given reaction, consistent with prior reports (55) . This level of sensitivity allowed for detection of all candidate c-miRNAs before the marathon run, even in cases where some c-miRNAs were poorly expressed. To control for potential inconsistencies in c-miRNA extraction from plasma, as previously reported (55), copy numbers were then normalized using a ratio calculated from levels of a miR-422b reference control exogenously spiked into each given sample before extraction compared with an equivalent amount of miR-422b spiked in water ("gold standard") before extraction. It is noteworthy that this normalization method is reliable because endogenous miR-422b exhibits relatively little expression compared with the exogenously added miR-422b control (6) . Normalized miRNA copy number per microliter of plasma was then calculated based on amount of plasma sampled in the analysis. These normalized copy numbers were then used to calculate fold change by normalizing mean copy number measured at PRE to 1, to which each individual c-miRNA measurement was compared.
Statistical analysis. Normality of data was assessed using the Shapiro-Wilk test. Raw data of c-miRNA profiles and traditional biomarkers were found to have a nonnormal distribution, while demographics and clinical characteristics were normally distributed. As a result, demographics and clinical characteristics are presented as means Ϯ SE, and c-miRNA/traditional biomarker data are presented as median [interquartile range (IQR)]. All data are graphically presented as box and whisker plots in which lines within the boxes denote medians, boxes denote 25% and 75% IQRs, and whiskers represent maximum and minimum values. Medians and IQR (25% and 75% IQR) are also listed in Figs. 1-5. Multiple comparisons of c-miRNA values were made between the three points of venous blood collection via repeated-measures ANOVA, followed by a Student-NewmanKeuls post hoc test. Each plot is labeled with P values resulting from the post hoc test as well as the median (IQR). Values of P Ͻ 0.05 were considered significant. Correlations between changes in c-miRNAs and conventional biomarkers were assessed using the Pearson and Spearman techniques as appropriate for data distribution. Data analysis was performed using the Statisical Package for the Social Sciences (SPSS) software, version 16 (SPSS, Chicago, IL).
RESULTS
Subject characteristics. All 21 participants were Caucasian men with a mean age of 51.8 Ϯ 1.4 yr, height of 176.5 Ϯ 1.7 cm, and body mass of 74.2 Ϯ 2.4 g/m 2 . Participants completed the marathon in an average of 233 Ϯ 8 min. There were no significant changes in hemoglobin levels across the three study time points (PRE ϭ 14.8 g/dl vs. FINISH ϭ 14.9 g/dl vs. POST-24 ϭ 13.8 g/dl, P ϭ nonsignificant), suggesting mini-mal changes in intravascular blood volume throughout the study period.
Consistent plasma levels of candidate miRNAs under resting conditions. The majority of candidate c-miRNAs (miR-1, miR133a, miR-208a, miR-134, and miR-499 -5p) displayed extremely low expression levels in plasma at PRE, as anticipated based on previous studies in healthy individuals (Fig. 1A) (38) . In contrast, miR-146a and miR-126 were expressed at relatively higher levels at PRE, consistent with prior data of miR-146a from resting trained athletes (6) . None of the candidate c-miRNAs displayed excessively wide ranges of variability at PRE, suggesting minimal technical inconsistencies in plasma processing or c-miRNA quantification. Hence, differences in c-miRNA expression between PRE and subsequent postmarathon time points likely reflect a specific physiological process.
Alterations of brain-enriched c-miR-134 and endothelialspecific c-miR-126 in response to prolonged exercise. To delineate c-miRNA-dependent processes specific to muscle and/or inflammation during prolonged exercise, the brainenriched miR-134 was chosen as an unrelated control. Similar to most of the other candidate c-miRNAs tested in this study, c-miR-134 was minimally expressed at PRE (Fig. 1A) . In response to the marathon run, plasma levels were increased at FINISH [1.9 (1.1, 3.4), median (IQR) fold change vs. PRE, P ϭ 0.001], but decreased toward baseline values at POST-24 [1.2 (0.4, 2.8) fold change vs. PRE, P ϭ 0.15; Fig. 1B] . Importantly, such alterations were modest compared with alterations of specific muscle, cardiac, and inflammatory miRNAs described below (Figs. 2-4) . Thus, these smaller alterations of a brain-enriched c-miR-134 provide a reference baseline upon which changes of other candidate c-miRNAs can be interpreted.
In the setting of prior reports identifying functions of miR-126, a well-established, highly abundant, and endothelialspecific miRNA, in aerobic exercise (57, 62, 67) , we measured expression of c-miR-126. Consistent with previously published results by Uhlemann and colleagues (62) , plasma levels were increased at FINISH [1.9 (1.2, 3.6) fold change, vs. PRE, P Ͻ 0.001, Fig. 1C ]. Levels decreased toward baseline values at POST-24 [1.1 (0.4, 1.5) fold change vs. PRE, P ϭ 0.89; Fig.  1C ]. Importantly, these alterations in our cohort were modest and closely mirrored the degree of upregulation seen for the unrelated control miR-134 (Fig. 1B) .
CPK and muscle-specific c-miRNAs. Compared with PRE, CPK was significantly elevated at FINISH were nearly undetectable in plasma, whereas c-miR-146a and c-miR-126 were detectable at higher relative levels. Baseline steady-state cmiRNA levels displayed a relatively modest degree of variability among the athletes. Data are presented as box and whisker plots signifying copy numbers of c-miRNA expression levels (see MATERIALS AND METHODS), where horizontal lines denote median, boxes denote 25% and 75% percentile confidence intervals, and error bars reflect maximum and minimum values. All plots are labeled with statistical medians (1st quartile, 3rd quartile). B: modest alterations in brain-enriched c-miR-134 in the context of prolonged aerobic exercise. c-miR-134 was poorly expressed at rest, but was modestly upregulated after the end of the run with a subsequent decrease at 24 h postmarathon. C: similar to the pattern of regulation for c-miR-134, modest alterations in the endothelial-specific c-miR-126 were observed after the end of the run, followed by a decrease at 24 h postmarathon. For each marathon athlete, baseline biomarker levels under resting condition are assigned a fold change of 1, to which measurements obtained during subsequent study time points (i.e., shortly after and 24 h after prolonged aerobic exercise) are compared. Data are represented as box and whisker plots signifying fold changes in c-miRNA levels and are labeled with statistical medians, interquartile range (IQR), and P values of comparisons between conditions. PRE, the day before the marathon; FINISH, immediately after completion of the marathon; POST-24, the day following the marathon within 24 h of finishing time. change vs. PRE, P Ͻ 0.001] (Fig. 2C) . Similarly, both c-miR-1 [21.8 (10.4, 68.5) fold change vs. PRE, P ϭ 0.04] and c-miR133a [18.5 (8.6, 52.9) fold change vs. PRE, P ϭ 0.02] were increased significantly immediately after completion of the marathon run (Fig. 2, A and B, FINISH) . PRE to FINISH changes in c-miR-1 were significantly correlated with corresponding changes in c-miR-133a (R ϭ 0.57, P ϭ 0.007). However, changes in neither c-miR-1 nor c-miR-133a corre- In contrast with c-miR-1 or c-miR-133a, the magnitude of increase of c-miR-499 -5p was modest and was more similar to the profiles of c-miR-134 (Fig. 1B) or c-miR-126 (Fig. 1C) . For each marathon athlete, baseline biomarker levels under resting condition are assigned a fold change of 1, to which measurements obtained during subsequent study time points (i.e., shortly after and 24 h after prolonged aerobic exercise) are compared. In all panels, data are represented as box and whisker plots signifying fold changes in c-miRNA levels, where horizontal lines denote medians, boxes denote 25% and 75% percentile confidence intervals, and error bars reflect maximum and minimum values. All panels are labeled with statistical medians, IQR, and P values of comparisons between conditions. Fig. 3 . Cardiac muscle-enriched c-miR-208a is elevated after prolonged aerobic exercise and is downregulated 24 h postexercise. A: c-miR208a increased significantly after prolonged exercise and decreased nearly 50-fold by POST-24 to levels not significantly different from baseline. B: troponin I levels increased after prolonged aerobic exercise. However, despite falling significantly in the time period at FINISH and POST-24, troponin I levels remained significantly elevated POST-24 compared with prerun. C: ultrasensitive troponin I levels were significantly upregulated and increased after exercise but only subtly decreased POST-24. D: NH2-terminal prohormone of brain natriuretic peptide (NT-proBNP) levels were also significantly increased postexercise, but exhibited only a slight, nonstatistically significant decrease in the 24 h following completion of exercise. Thus levels at 24 h postexercise were still significantly higher than preexercise. In A-D, for each marathon athlete, biomarker levels are presented in a similar manner to that of Fig.  2, A and B) . Thus, unlike CPK, which began to rise immediately following exercise and remained elevated at POST-24, c-miR-1 and c-miR-133a demonstrated a rapid increase at FINISH and subsequent near-complete clearance by POST-24.
Interestingly, c-miR-499 -5p [2.3 (0.9, 7.6) fold change vs. PRE, P ϭ 0.004] was also increased significantly at FINISH, followed by a mixture of elevated and nonelevated measurements at POST-24 [2.2 (0.9, 3.6) fold change vs. PRE, P ϭ 0.16; vs. FINISH, P ϭ 0.06] (Fig. 2D) . Considering that miR-1, miR-133a, and miR-499 -5p are all enriched with nearly comparable expression in skeletal and cardiac muscle (56) , such distinct profiles of c-miRNA expression during exercise support the existence of separate processes of cmiRNA release from muscle tissue that cannot be explained solely by tissue injury during prolonged aerobic exercise.
Cardiac troponin, NT-proBNP, and cardiac-specific c-miR-208a. Conventional protein markers of cardiac stress/injury were increased at FINISH [con-cTn ϭ 2.2 (1.0, 3.6) fold change vs. PRE, P Ͻ 0.001; hs-cTn ϭ 7.3 (3.3, 17.0) fold change vs. PRE, P Ͻ 0.001; NT-proBNP ϭ 4.3 (3.0, 6.0) fold change vs PRE, P Ͻ 0.001; Fig. 3, B-D] and remained elevated at 24-POST [con-cTn ϭ 1.4 (1.0, 3.2) fold change vs. PRE, P ϭ 0.01; hs-cTn ϭ 4.7 (2.5, 10.5) fold change vs. PRE, P ϭ 0.01; NT-proBNP ϭ 3.9 (2.3, 4.1) fold change vs PRE, P Ͻ 0.001; Fig. 3, B-D] . Cardiac-specific c-miR-208a also displayed marked increase at FINISH (Fig. 4A) . Furthermore, the inflammatory c-miR-146a increased to a greater magnitude than either c-miR-134 or c-miR-126 and cleared relatively quickly in response to marathon running. Thus, similar to miR-1, miR-133a, and miR208a, the profile of c-miR-146a expression appears to rely, at least in part, on a different regulatory program than either c-miR-134 or c-miR-126 alone.
DISCUSSION
This study was designed to determine how specific c-miRNAs are modulated by prolonged, submaximal aerobic exercise. To do so, we compared the profiles of c-miRNAs originating from various tissue sources or inflammation-specific contexts: muscle (miR-1, miR-133a, miR-499 -5p), cardiac tissue (miR208a), and the vascular endothelium (miR-126), as well as those prominent in the inflammatory response (miR-146a), before and after a 42-km marathon run. To determine further the uniqueness of c-miRNA regulation in this context, we next compared c-miRNA profiles to those of conventional biomarkers of skeletal muscle damage (CPK), cardiac muscle injury (con-cTn and hs-cTn), cardiac tissue stress (NT-proBNP), and generalized systemic inflammation (hsCRP). Our key findings are summarized as follows. First, although all candidate cmiRNAs were increased at FINISH, only specific ones originating from skeletal muscle (miR-1, miR-133a), cardiac muscle (miR-208a), and inflammatory processes (miR-146a) were robustly upregulated. Others, including the brain-enriched miR-134, the endothelial-specific miR-126, and the musclespecific miR-499 -5p were substantially less affected by the marathon run, thereby supporting the notion of distinct mechanisms of c-miRNA response to exercise rather than a general class effect originating simply from nonspecific tissue damage. Second, the magnitude of tissue-specific increases of c-miRNAs was substantially greater than that observed with the conventional biomarkers. This finding may suggest higher a priori intracellular c-miRNA concentrations or perhaps specific stress-induced upregulation of c-miRNA production and release compared with conventional biomarkers. Finally, as anticipated from prior studies (2, 10, 15, 16, 24, 27, 29, 39, 43, 48, 49, 61, 66) , marathon completion led to significant skeletal muscle damage, cardiac muscle stress/injury, and systemic inflammation, as reflected by statistically significant increases in circulating CPK, NT-proBNP, con-cTn, hs-cTn, and hsCRP, respectively. In contrast, we found that the temporal sequence of response of certain key c-miRNAs was characterized by immediate elevation followed by rapid normalization and differed from the response of conventional biomarkers, which demonstrated relatively delayed peak expression (hsCRP and CPK) or persistent upregulation 24 h after exercise. These markedly different temporal patterns of c-miRNA compared with their tissue-associated conventional biomarkers emphasize a potential role for c-miRNAs as unique, real-time markers of exercise physiology.
Organ-specific adaptations to exercise, such as skeletal muscle hypertrophy, mitochondrial biogenesis, cardiomyocyte hypertrophy, and vascular angiogenesis, underlie human performance and are linked with the salubrious benefits associated with routine physical exercise. Adaptation requires exposure to a stimulus of sufficient intensity and duration to produce cellular activation, often to the level of stress and/or injury, followed by compensatory repair and recovery. While conventional biomarkers may be useful markers of tissue stress and or injury, they provide limited information about the cellular mechanisms of injury and recovery. Biomarkers like CPK and cTn, although important molecules for cellular energy storage and contractile function, respectively, have limited roles as direct mediators of cellular response to external stimuli. In contrast, miRNAs are increasingly recognized as inducible and direct regulators of numerous cellular functions and, therefore, play key roles in the cellular response to environmental stimuli. Accordingly, our results demonstrate that numerous tissuespecific miRNAs are released during sustained aerobic exercise and may reflect the acute responses to such physiological stress.
The potential roles of c-miRNAs as biomarkers of exercise provide a foundation for important future work. Follow-up studies correlating c-miRNA expression with the rate and magnitude of tissue (cardiac or muscle) breakdown, an individual's aerobic fitness, or prior exercise training will be informative. It is plausible that c-miRNAs may be useful to direct individual training and performance regimens, consistent with prior studies that suggest certain c-miRNAs reflect aerobic fitness (6, 11) . Furthermore, the rapid normalization of c-miRNAs following exercise indicates that these molecules may be useful indexes of short-term tissue recovery. Accordingly, characterization of c-miRNA levels following repetitive bouts of exercise is needed. In addition, if c-miRNAs released from tissue indeed have as-of-yet undiscovered regulatory functions, future studies may be designed to explore the correlation of c-miRNA levels following a single bout of exercise in the presence or absence of repeated exercise training with the degree of physiological improvement (e.g., increase in V O 2 max or muscle strength). Such endeavors could provide insight into the role of c-miRNAs as not only useful biomarkers, but also regulators, of the body's response to exercise. Finally, it is notable that the cardiac-specific c-miR-208a, upregulated during prolonged exercise, has also been proposed as a marker of underlying heart disease (30) . Moreover, recent data suggest that alterations of miRNA expression with aerobic exercise may influence the development of atherosclerosis (67) . It will be important to determine whether unique profiles of c-miR-208a and perhaps other c-miRNAs correlate with varying degrees of cardiovascular risk with exercise, thus aiding in the clinical identification and prevention of adverse exercise-induced events in putative at-risk populations.
Beyond their potential utility as physiological/pathological markers of exercise, our findings also set the stage for deeper inquiry into the dynamic biology of c-miRNAs in response to aerobic exertion. In contrast to their robust increase after marathon running (Figs. 2 and 3) , muscle-specific miR-1 and cardiac-specific miR-208a revealed negligible alterations after acute exhaustive exercise [Ͻ30 min of graded, effort-limited upright cycling exercise designed to measure V O 2 max ] in 11 elite collegiate athletes (Fig. 5) . Thus either the duration of exercise or the type of aerobic exercise (running vs. upright cycle ergometry) appears to be a key determinant of cardiacand skeletal muscle-specific c-miRNA regulation. However, a difference in age is also notable in the present study comparing the more senior marathon runners and the younger crew athletes, which may have contributed to these distinct expression profiles. Given that microscopic cellular damage is common during sustained aerobic exercise (14), we suspect that some nonspecific release of miRNA contributed to the observed increases of c-miRNAs after prolonged, but not acute, exercise. It is, however, notable that, in marathon runners, the magnitude of fold change of specific c-miRNAs, such as miR-1, miR133a, miR-208a, and miR-146a, greatly exceeded the magnitudes observed with c-miR-134 and c-miR-126, as well as other passively released biomarkers, such as CPK (Fig. 1, B and C). The differences of such changes were especially apparent when considering the distinct profiles of various c-miRNAs all expressed from the same skeletal and cardiac muscle compartment: a robust upregulation of miR-1 and miR-133a vs. a much more modest alteration in miR-499 -5p (Fig. 2) . Thus, as emphasized by differences in c-miRNA profiles stratified by specific miRNA identity, by tissue compartment of origin, and by temporal sequence of upregulation, we suspect that specialized c-miRNA secretory mechanisms are uniquely activated during exercise and not merely the result of generalized tissue breakdown. Our data also indicate that candidate c-miRNAs undergo significant downregulation 24 h following prolonged aerobic exercise. Although the mechanism of such clearance is unclear, increased handling by kidney or liver is possible for eventual excretion through urine or feces. Alternatively, rapid enzymatic degradation of exercise-induced c-miRNA could occur. Finally, as supported by recent findings in other contexts, such as the study of secretory mechanisms, intracellular transport, and genetic exchange (32, 34, 59, 63) , transport of c-miRNA to distant recipient tissue to influence exercise adaptation is an intriguing possibility that should be interrogated in the future.
There are an increasing number of studies examining the potential role of c-miRNAs as mediators of physiological adaptation. It is noteworthy that many prior reports have been complicated biological and methodological limitations, including the following: 1) uncontrolled interindividual baseline miRNA variability; 2) confounding effects of hemolysis or cellular contamination on c-miRNA levels (41); and 3) an inability to identify the tissue sources of origin for more ubiquitously expressed c-miRNAs. The present study was designed to circumvent these issues. First, we utilized a repeated-measures study design to permit each participant's resting sample to serve as his own control, thereby facilitating accurate determination of c-miRNA secretion patterns, despite any interindividual baseline variability. Second, most of the candidate c-miRNAs selected for this study are tissue specific and not expressed in blood, thereby minimizing the potential impact of hemolysis. Third, we selected candidate c-miRNAs directly relevant to the key biological responses involved in exercise-induced tissue injury and adaptation. As a result of these technical advantages, many of the common confounding factors that plague the study of plasma-based c-miRNAs were avoided, thus providing greater confidence in the accuracy of the results.
There are, however, several study limitations. First, this study included a relatively small number of participants (N ϭ 21). Thus, to facilitate analysis of c-miRNA profiles, we used a longitudinal repeated-measures study design. Second, to maximize the accuracy of this initial "proof-of-concept" study, quantitative c-miRNA analysis was restricted to a subset of carefully selected c-miRNAs with anticipated biological relevance rather than the use of a more comprehensive, but perhaps less reliable, high-throughput c-miRNA screening technique. Recently, a cohort of additional miRNAs has been identified that is dynamically regulated in cardiac tissue during adaptation to exercise training, including miR-27a/b, miR-143 (20) , and the miR-29 family (58) . Certainly, to define more completely the spectrum of exercise-induced c-miRNAs, a more complete characterization of these molecules and others in a larger number of human subjects is warranted. Finally, the study cohort was restricted to recreational marathon participants. Future study is required to determine whether these results are applicable to elite athletes or exercise-naive subjects.
In conclusion, we report unique alterations in c-miRNAs after prolonged aerobic exercise. Such alterations differ depending on c-miRNA identity, tissue of origin, or physiological context (i.e., inflammation). These c-miRNA profiles also substantially differ compared with the expression patterns seen with traditional protein markers. Thus these findings provide an essential framework for future studies aimed at interrogating both the potential use of c-miRNAs as real-time markers of exercise and the study of the direct biological function of these molecules.
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